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ABSTRACT 



Response inhibition is the ability to suppress irrelevant impulses to enable goal-directed behavior. The underly- 
ing neural mechanisms of inhibition deficits are not clearly understood, but may be related to white matter 
connectivity, which can be assessed using diffusion tensor imaging (DTI). The goal of this study was to investigate 
the relationship between response inhibition during the performance of saccadic eye movement tasks and DTI 
measures of the corpus callosum in children with or without Fetal Alcohol Spectrum Disorder (FASD). Partici- 
pants included 43 children with an FASD diagnosis (12.3 ± 3.1 years old) and 35 typically developing children 
(12.5 ± 3.0 years old) both aged 7-18, assessed at three sites across Canada. Response inhibition was measured 
by direction errors in an antisaccade task and timing errors in a delayed memory-guided saccade task. Manual 
deterministic tractography was used to delineate six regions of the corpus callosum and calculate fractional 
anisotropy (FA), mean diffusivity (MD), parallel diffusivity, and perpendicular diffusivity. Group differences in 
saccade measures were assessed using t-tests, followed by partial correlations between eye movement inhibition 
scores and corpus callosum FA and MD, controlling for age. Children with FASD made more saccade direction 
errors and more timing errors, which indicates a deficit in response inhibition. The only group difference in 
DTI metrics was significantly higher MD of the splenium in FASD compared to controls. Notably, direction errors 
in the antisaccade task were correlated negatively to FA and positively to MD of the splenium in the control, but 
not the FASD group, which suggests that alterations in connectivity between the two hemispheres of the brain 
may contribute to inhibition deficits in children with FASD. 

© 2014 The Authors. Published by Elsevier Inc This is an open access article under the CC BY-NC-ND license 

(http://creafivecommons.Org/licenses/by-nc-nd/3.0/). 



1. Introduction 

Response inhibition is the ability to suppress irrelevant stimuli or 
behavioral impulses to enable goal-directed behavior. Evidence from 
functional neuroimaging, animal models and human lesion studies indi- 
cates that the prefrontal cortex (Aron and Poldrack, 2005; Iversen and 
Mishkin, 1970), anterior cingulate cortex (Liddle et al., 2001), and 
corpus callosum (Bearden et al., 2011; Gadea et al., 2009; Stewart 
et al., 2003) all play a vital role in response inhibition. Eye movement 
control tasks have been used to measure response inhibition in typically 



Abbreviations: FASD, Fetal Alcohol Spectrum Disorder; FA. fractional anisotropy; MD, 
mean diffusivity; DTI, diffusion tensor imaging; FP, fixation point; SRT, saccadic reaction 
time; ROI. region of interest; ICC, Intraclass correlation coefficient. 
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developing children across a wide age range and have found that inhib- 
itory skill increases with age (Hwang et al., 2010). Saccades are rapid 
eye movements that bring new visual targets onto the fovea of the 
retina and require multiple brain regions for successful execution. A 
number of brain regions have been associated with eye movement con- 
trol, including the dorsolateral prefrontal cortex (DeSouza et al., 2003; 
Funahashi et al., 1993), lateral intraparietal area (Gottlieb and 
Goldberg, 1999; Schlag-Rey et al., 1997; Zhang and Barash, 2000), fron- 
tal eye fields (Everling and Munoz, 2000), secondary eye fields (Amador 
et al., 2004; Schlag-Rey et al., 1997) and superior coUiculus (Everling 
et al., 1998, 1999). However, less is known about the role that white 
matter tracts play in eye movement control. Successful saccades most 
likely involve the corpus callosum, the largest white matter structure 
in the brain, which links homologous areas in the right and left hemi- 
spheres. This paper investigates the corpus callosum in terms of its rela- 
tionship with eye movement control (Bruni and Montemurro, 2009). 
More specifically, the splenium, the most posterior sector of the corpus 
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callosum, has been linked to the striate and extrastriate visual areas 
which are cortical targets implicated in sensorimotor processing 
(Putnam et al., 2010). 

Eye movement control tasks have emerged as a portable and cost- 
effective method which can effectively measure cognitive, sensory, 
and motor functions in different clinical populations (Ramat et al., 
2007). For example, eye movement control measures have been used 
to characterize deficits in executive functions and motor control in chil- 
dren that have prenatal alcohol exposure (Green et al., 2007, 2009; 
Paolozza et al., 2013, 2014a,b). Prenatal alcohol exposure induces a 
spectrum of adverse effects that can be categorized into several diagnos- 
tic subgroups, collectively referred to as Fetal Alcohol Spectrum Disorder 
(FASD) (Chudley et al., 2005). Eye movement tasks have revealed that 
error rates in the antisaccade task, which requires participants to sup- 
press an automatic response towards a target and instead make a volun- 
tary saccade in the opposite direction, are significantly elevated in 
children with FASD (Green et al., 2009; Paolozza et al., 201 3, 2014a). Ad- 
ditionally, in a previous study that utilized a memoiy-guided saccade 
task which requires the participant to remember the spatial location 
and sequence of presentation of two visual targets (Paolozza et al., 
2013, 2014b), we showed that children with FASD were unable to inhibit 
the automatic response and looked to the visual targets before receiving 
the appropriate go signal. These studies show that the suppression of au- 
tomatic saccades coupled with the generation of voluntaiy saccades by a 
goal-directed plan is adversely affected in FASD. 

Previous stmctural magnetic resonance imaging (MRl) and autopsy 
studies have reported widespread brain injury in those diagnosed with 
FASD in many of the aforementioned cortical gray matter regions and 
white matter including the corpus callosum (Autti-Ramo et al., 2002; 
Clarren and Smith, 1978; Riley et al., 1995; Swayze et al., 1997). 
Diffusion tensor imaging (DTI) can examine white matter integrity by 
measuring water diffusion in the brain. This method allows for the re- 
constmction of individual white matter pathways and provides quanti- 
tative measures, such as fractional anisotropy (FA) and mean diffusivity 
(MD), presumed to reflect cellular properties such as myelination and 
coherence/packing of axons (Beaulieu, 2002). DTI studies of the corpus 
callosum in FASD populations have revealed abnormalities of FA and 
MD in various tracts (Fryer et al., 2009; Lebel et al., 2008, 2010; Li 
et al., 2009; Ma et al., 2005; Sowell et al., 2008; Wozniak et al., 2006, 
2009). FA measures in the corpus callosum have correlated with saccadic 
reaction time in two eye movement tasks in children with FASD (Green 
et al., 2013); however this paper had no control group and a relatively 
small sample size (n = 14). Additionally, it used a voxel-based analysis 
of the corpus callosum, which relies heavily on adequate spatial normal- 
ization that can be problematic for the corpus callosum (Snook et al., 
2007). Tractography of individual white matter tracts overcomes this 
limitation and yields diffusion parameters averaged over an entire tract 
rather than individual voxels. 

This paper reports the findings from the first DTI tractography study 
to examine white matter integrity in relation to performance on inhibi- 
tion measures obtained from two eye movement control tasks, includ- 
ing a memory-guided saccade task, in a cohort of children with FASD 
recruited in the multi-site NeuroDevNet study (Reynolds et al., 2011). 
We hypothesized that FA and MD of the corpus callosum, as well as 
saccadic eye movements will be significantly different in children 
with FASD (n = 43, age range 7-18 years) when compared to controls 
(n = 35, age range 7-18 years). We also hypothesized that these mea- 
sures will be related to one another. 

2. Methods 

2.1. Participants 

Participants aged 7-18 years were recruited at three sites across 
Canada and had either a confirmed diagnosis of FASD (n = 47) or 
were typically developing control children (n = 41). Children with 



FASD were previously assessed and diagnosed according to the Canadian 
Guidelines for FASD diagnosis (Chudley et al., 2005) and were recruited 
through diagnostic clinics in Kingston, ON, Ottawa, ON, Edmonton, AB, 
Cold Lake, AB, and Winnipeg, MB, as part of a larger study funded by 
NeuroDevNet (Reynolds et al., 201 1 ). The performance on a battery of 
psychometric tests and the link with eye movement control has been 
previously reported in a larger cohort from which the current subsample 
was extracted (Paolozza et al., 2014a,b). All experimental procedures 
were reviewed and approved by the Human Research Ethics Boards at 
Queen's University, University of Alberta, Children's Hospital of Eastern 
Ontario, and the University of Manitoba. Written informed consent was 
obtained from a parent or legal guardian and assent was obtained from 
each child before study participation. Due to quality control measures 
(movement, braces, etc.), 4 participants with FASD were excluded from 
analysis, leaving 43 FASD participants with adequate DTI data, scanned 
in either Kingston (n = 18; mean age = 12.6 ± 3.4; 9 males), Edmonton 
(n = 15; mean age = 11.5 ± 3.3; 8 males), or Winnipeg (n = 10; mean 
age = 12.9 ± 1.5; 5 males). Typically developing control children (n = 
41 ) were recruited from the same geographical areas and 6 were exclud- 
ed due to either a pre-existing disorder or failing quality control mea- 
sures, leaving 35 control participants scanned in Kingston (n = 14; 
mean age = 13.8 ± 3.1; 8 males), Edmonton (n = 12; mean age = 
11.6 ± 2.7; 3 males), and Winnipeg (n = 9; mean age = 11.1 ± 2.7; 2 
males). Participant information is summarized in Table 1 . Socioeconomic 
status (SES) was calculated using Hollingshead's Four-factor Index of So- 
cial Status for the FASD and control groups and analyzed for group differ- 
ences (Hollingshead, 1975). Study data were collected and managed 



Table 1 

Demographic characteristics. 

Diagnostic subtype n (%) Control (n = 35) FASD (n = 43) 

FAS - 3 (7) 

pFAS - 9(21) 

ARND - 31 (72) 

Demographics t-Test 

p-value 



FASD = Fetal Alcohol Spectrum Disorder; FAS = Fetal Alcohol Syndrome; 
pFAS = Partial Fetal Alcohol Syndrome; SD = standard deviation; ARND = Alcohol 
Related Neurodevelopment Disorder; n = number; ADHD = Attention Deficit 
Hyperactivity Disorder: ODD = Oppositional Defiant Disorder. 



Mean age ± SD 


12.5 ± 3.0(7-18) 


123 ± 3.1 (7-18) 


0.90 


(range) 








Males n (%) 


14 (39) 


23 (53) 


0.22 


Right handed n (%) 


35 (97) 


39(91) 


0.24 


Socioeconomic status 


47 


44 


0.34 








Chi-squared 








p-value 


Caucasian n (%) 


34 (94) 


16 (37) 


< 0.0001 


First Nations n (%) 


0(0) 


13 (30) 


<0.0001 


Other Ethnicity n (%) 


2(6) 


14(33) 


<0.0001 


Comorbidities n (%) 






Chi-squared 








p-value 


ADHD 


0(0) 


25 (58) 


< 0.0001 


ODD 


0(0) 


5(12) 


0.0004 


Anxiety 


0(0) 


7(16) 


<0.0001 


Depression 


0(0) 


4(9) 


0.002 


Other 


0(0) 


16(37) 


<0.0001 


Medications n (%) 






Chi-squared 








p-value 


Stimulants 


0(0) 


22 (51) 


< 0.0001 


Antipsychotics 


0(0) 


11 (26) 


< 0.0001 


Antidepressant 


0(0) 


5(12) 


0.0004 


Other 


0(0) 


2(5) 


0.024 



A Paolozza etal. / Neurolmage: QinkalS (2014) 53-61 



55 



using REDCap electronic data capture tools (Harris et al., 2009) and 
LORIS imaging database hosted at Queen's University (Das et al., 201 1 ). 

2.2. Saccadic eye movement recordings 

Participants were seated comfortably in a dari<, quiet room on a 
stable chair and instructions for each trial were given verbally, and 
repeated before each task started. Eye position was recorded using the 
Eyelink 1000 (SR Research, Kanata, ON), using previously described 
methods (Paolozza et al., 2014a). In the antisaccade task, each trial 
started with illumination of a central fixation point (FP), which then 
disappeared and, after a delay of 200 ms (gap period), a peripheral 
target appeared randomly at 10° to the left or right of the central FP. 
Participants were instructed to complete a saccade in the opposite 
direction of the target. No error feedback was given. One block of 
60 trials was obtained from each participant. In the memory- 
guided saccade task, participants were instructed to maintain fixa- 
tion at the central FP, after which two peripheral targets appeared 
in immediate succession and participants were required to fixate 
for an additional 0, 600, 1200, or 1800 ms (randomly allocated) 
between the disappearance of the second peripheral target and the 
disappearance of the FP. After the FP and peripheral targets disap- 
peared, participants were required to make two saccades as accurately 
as possible to these locations in the same sequence. A single block of 
72 trials was collected for this task. 

2.3. Quality control of eye tracldng measures 

Data were analyzed using custom software developed in MATLAB 
(R2009b, The Mathworks, Inc, Natick, Massachusetts). Saccades were 
defined as having a speed of greater than 2.5 times the standard devia- 
tion of the background noise (measured during fixation) for at least 5 
continuous sample points in time. The only trials used were those for 
which the participant was fixating on the FP at the appropriate time. If 
the participant broke fixation inappropriately (i.e. not to a target loca- 
tion or away from the screen) the trial was discarded from analysis. 
Any trials where eye tracking was lost were removed in the analysis, 
and to be included each participant had to achieve greater than 50% 
viable trials in each of the tasks. 

2.4. Saccade outcome measures 

Saccade performance for all viable trials for the two tasks was 
assessed by examining several outcome measures. Saccadic reaction 
time (SRT) in the antisaccade task was defined as the time from the 
appearance of the peripheral target to the initiation of the first sac- 
cade during a correct trial. Direction errors were defined as any ini- 
tial saccade in the wrong direction with respect to the instruction 
(i.e., towards the target). Anticipatory errors were defined as any 
saccade to one of the two target locations before the appearance of 
the target itself can be perceived (i.e. within 90 ms after peripheral 
target appearance). 

In the memory-guided task, SRTs of both the first and second 
saccades were calculated from the disappearance of the central FP dur- 
ing a correct trial. Individual trials were assigned as either correct, 
timing errors (saccades initiated before 90 ms after the go signal), 
and/or sequence errors (initial saccade made closer to the second pe- 
ripheral target location than to the first target, therefore in the 
wrong sequence). 

Eye movement measures were age-corrected using the entire 
NeuroDevNet control cohort (n = 102, mean age = 10.4 ± 3.1) to 
calculate a standardized t-score equation for each age. Standard 
scores for the control and FASD groups in the current study were 
then calculated using the age-dependent t-score equation obtained 
from the larger control group. Differences between groups were ana- 
lyzed using a t-test. 



2.5. Image acquisition 

Brain MRl was collected at 3 sites (Edmonton, AB, 1.5T Siemens 
Sonata; Kingston, ON, and Winnipeg, MB, both 3T Siemens Trio), includ- 
ing DTI, Tl-weighted (not used here), T2-weighted (not used here), 
fluid-attenuated inversion recovery (FLAIR; not used here), and resting 
state functional MRl (not used here) scans for a total scan time of 
-20 min. All DTI was acquired using a dual spin-echo echo planar 
imaging sequence with: 2.2 mm isotropic voxels, 50 axial-oblique slices 
with no interslice gap; 30 non-collinear diffusion sensitizing gradient 
directions with b = 1000 s/mm^; 5 (Edmonton) or 1 (Kingston and 
Winnipeg) b = 0 s/mm^; 1 average; FOV = 220 x 220 mm^; matrix 
of 96 X 96; TE = 94 ms; TR = 6600 ms (Kingston and Winnipeg) or 
TR = 7700 ms (Edmonton); acquisition time 3:46 min. 

2.6. Tractography 

Manual deterministic tractography of the corpus callosum was 
performed in ExploreDTl (Leemans et al., 2009) by a single operator 
(AEP), blinded to participant group, age, sex, and handedness. The 
corpus callosum was divided into 6 segments (genu, rostral body, 
anterior midbody, posterior midbody, isthmus, and splenium) 
according to a previously defined method (Witelson, 1989). Seed 
regions of interest (ROl) were manually placed on the same mid- 
sagittal slice and "Not" ROls were used to exclude any spurious 
tracts (Fig. 1). FA, MD, parallel diffusivity (Xn), and perpendicular 
diffusivity (X^) were calculated (averaging across all voxels in a 
given tract) and compared between the two groups using a one- 
way ANCOVA, with age as a covariate. Test-retest reliability was de- 
termined by measuring FA of each tract twice each on a random 
subset of Kingston participants (n = 15). Intraclass correlation coeffi- 
cients (ICC) of test-retest FA values within individuals yielded a high re- 
liability (0.922 to 0.957). To inspect subject motion we evaluated group 
differences using a t-test for rotation, translation, scale and skew correc- 
tions in ExploreDTl. We found no significant differences between the 
groups, which suggests that the FASD group did not move more than 
the control group. 

2.7. Reliability study 

Since all 3 sites had slightly different protocols and scanners, a sepa- 
rate reliability study was performed to determine if data could be com- 
bined across sites. Eight healthy adult controls (mean age 28 ± 6 years, 
2 males) were scanned twice at each site (getting out of scanner between 
the two scans), each within a 2 week period (6 scans per person, 
48 scans total). The data were then analyzed by the same operator 
(AEP) in the exact same manner as the study data by dividing the corpus 




Fig. 1. Tractography of the corpus callosum. The corpus callosum was manually segmented 
into six inter-hemispheric tracts (anterior to posterior). Tract 1 is the genu, tract 2 is the 
rostral body, tract 3 is the anterior midbody, tract 4 is the posterior midbody, tract 5 is 
the isthmus, and tract 6 is the splenium. 
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callosum into the same 6 sub-regions. To examine tlie operator reliability 
and scanner consistency, ICCs of FA between the two scans at each site 
were calculated and found to range from 0.957 to 0.995, indicating high 
reliability of the operator and scanner. To analyze the difference between 
sites, within each participant, the coefficient of variation and ICC was cal- 
culated for each participant across all sites for all 6 tracts. The average 
COV was 2.02% and ICCs ranged from 0.49 (splenium) to 0.93 (genu) 
(Fig. 2). To analyze the difference between participants within sites, the 
coefficient of variation (COV) and the ICC were calculated for each site 
using all 6 scans per subject for all 6 tracts. The mean COV was found 
to be 3.48% and the ICC ranged from 0.23 (posterior midbody) to 0.73 
(genu). We ran the same analysis for MD and found similar results to 
FA where the mean COV between sites was 3.8% with an ICC ranging 
from 0.99 (genu) to 0.71 (isthmus), and the mean COV between partici- 
pants was 3.2% with an ICC ranging from 0.38 (splenium) to 0.96 (genu), 
indicating that the site introduced less variation in FA and MD than the 
participants themselves. Given the low variability between scanners, 
the data for all three sites were combined for the analysis. Additionally, 
there were no systematic effects where FA was higher at one site than 
other sites for the 8 individuals. 



2.8. Correlation analysis 

Hypothesis-driven partial correlations (correcting for age) were 
used to identify whether the inhibition measures from the eye 
tracking tasks were associated with FA or MD of each of the 6 
corpus callosum sub-regions, with the Holm-Sidak correction for 
multiple comparisons. Specifically, correlations of direction errors 
from the antisaccade task and timing errors from the memory- 
guided task were assessed versus FA and MD of all 6 corpus callosum 
tracts. Hypothesis-driven correlations were chosen based on the 
group differences observed on both the eye movement and DTI 
scores. 

3. Results 

3.1. Eye movement control 

The FASD group displayed multiple deficits in eye movement control 
on both the antisaccade and memory-guided tasks (Table 2). On the 
antisaccade task, children with FASD had significantly slower SRT, 
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Fig. 2. Intra- and inter-subject variability between sites. Tlie mean FA value of the two scans at each site is shown for 8 participants scanned in Edmonton (Siemens Sonata 1 .51), Kingston and 
Winnipeg (both with Siemens Trio 3T). In general, the ranldng of the participants with the highest/lowest FA was maintained across all three scanner sites. Thus, the FA for each participant 
was quite consistent across the three sites with coefficient of variations ranging from 0.4 to 4.8% (mean 2.0%) for the six tracts (shown at the right of each plot). FA variation between sites 
within-individuals (shown to the right of each plot) was less than the FA variability between the 8 participants within each site which ranged from 2.4 to 5.7% (mean 3.5%). 
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Table 2 

Eye tracldng measures. 
Measure 



Control 



FASD 



Mean ± SEM 



Range 



Mean ± SEM 



Range 



p-Value 



t-Value 



Antisaccade task 
SRT (t-score) 
Anticipatory (t-score) 
Direction errors (t-score) 

Memory-guided task 
SRT 1st saccade (t-score) 
SRT 2nd saccade (t-score) 
Sequence errors (t-score) 
Timing errors (t-score) 



50.0 ± 1.8 
50.0 ± 1.7 
48.4 ± 1.4 



49.9 ± 1.5 
49.3 ± 1.5 
48.8 ± 1.4 
49.2 ± 1.7 



34.1-73.3 
38.1-76.6 
34.5-64.4 

38.1-72.2 
31.4-66.8 

36.8- 62.7 

35.9- 71.9 



56.4 ± 2.0 

58.5 ± 2.9 
55.7 ± 2.1 



54.8 ± 3.5 

48.2 ± 1.9 

56.3 ± 3.0 

61.4 ± 3.6 



30.3-92.7 

23.2- 118.2 

33.0- 102.9 

26.3- 95.0 

17.1- 73.9 
19.6-121.7 

37.4- 133.0 



0.021 

0.019* 

0.0074* 

0.23 
0.64 
0.039* 
0.0049* 



2.4 
2.4 
2.8 

1.2 
0.5 
2.1 
2.9 



FASD = Fetal Alcohol Spectrum Disorder; SRT = 
* Indicates significance at p < 0.05. 



saccadic reaction time; SEM = standard error of the mean. 



more anticipatory errors, and more direction errors compared to con- 
trols. On tlie memoiy-guided saccade tasl<, tlie FASD group was not dif- 
ferent from controls on SRT, but liad significantly more sequence errors 
and timing errors than controls. 

32. DTI measures 

Group differences of either MD or FA between control and FASD 
were only found for MD of the splenium which was significantly higher 
in the FASD group compared to the healthy controls, after correcting for 
age(F(l,79)= 11.3,p= 0.018;Table3). In the splenium,FA was found 
to increase with increasing age for both the control (p = 0.019) and 
FASD (p < 0.0001) groups (Fig. 3A & B). Additionally, MD in the 
splenium was found to decrease with increasing age in both the FASD 
(p = 0.008) and control (p = 0.016) groups (Fig. 3C & D). In the 
splenium, parallel diffusivity was significantly higher in the FASD group 
when compared to controls (control mean = 1.47 ± 0.06 x 10^^ mrn^/s, 
FASD mean = 1.52 ± 0.07 x 10"^ mm^/s, F(l,79) = 3.3, p = 0.004), 
whereas perpendicular diffusivity was not different (control mean = 
0.49 ± 0.03 X 10"^ mm^/s, FASD mean = 0.51 ± 0.05 x 10"^ mm^/s, 
p = 0.15). 

3.3. Correlational analyses 

After correcting for multiple comparisons, two significant correla- 
tions were found (Table 4). The first was a negative correlation between 
direction errors in the antisaccade task and FA of the splenium within 
the control group (p = 0.001 ) (Fig. 4A). This indicates that control par- 
ticipants with higher FA also made fewer errors on the antisaccade task. 



Tables 

DTI group differences. 



Site Measure Control FASD p-Value 

(mean ± SD) (mean ± SD) 



Genu 


FA 






0.56 


± 


0.02 


0.55 ± 0.03 


0.31 




MD 


(mm^/s xlO" 




0.80 


± 


0.03 


0.81 ± 0.04 


0.22 


Rostral body 


FA 






0.54 


± 


0.02 


0.54 ± 0.03 


0.96 




MD 


(mm^/s xlO" 




0.81 


± 


0.03 


0.82 ± 0.05 


0.33 


Anterior midbody 


FA 






0.55 


± 


0.02 


0.55 ± 0.03 


0.34 




MD 


(mm^/s xlO" 




0.81 


± 


0.04 


0.83 ± 0.04 


0.075 


Posterior midbody 


FA 






0.55 


± 


0.02 


0.54 ± 0.04 


0.17 




MD 


(mm^/s xlO" 




0.83 


± 


0.03 


0.85 ± 0.06 


0.088 


Isthmus 


FA 






0.55 


± 


0.02 


0.54 ± 0.04 


0.19 




MD 


(mm^/s xlO" 




0.83 


± 


0.03 


0.84 ± 0.04 


0.097 


Splenium 


FA 






0.60 


± 


0.03 


0.60 ± 0.03 


0.89 




MD 


(mm^/s xlO" 




0.82 


± 


0.03 


0.84 ± 0.05 


0.018* 



FASD = Fetal Alcohol Spectrum Disorder; FA = fractional anisotropy; MD = mean 
diffijsivity; SD = standard deviation. 
* Indicates significance at p < 0.05. 



A positive correlation between the MD of the splenium and direction er- 
rors was also significant in the control group (p = 0.009) (Fig. 4C). In 
contrast, the FASD group showed no significant correlation between 
FA of the splenium and direction errors in the antisaccade task (p = 
0.31; Fig. 4B) or MD of the splenium and direction errors (p = 0.87; 
Fig. 4D). 

4. Discussion 

4.3. General findings 

The current study found group differences between children with 
FASD and typically developing children in both eye movement control 
and DTI measures. The children with FASD performed significantly 
worse on eye movement behavioral measures indicating poor response 
inhibition, reaction time, and spatial working memory. Group differ- 
ences were also found in the splenium of the corpus callosum with the 
FASD group displaying significantly higher MD. This result was primarily 
driven by a difference in parallel diffusivity, which has been associated 
with neurotoxicity. For example, administration of the neurotoxin meth- 
ylmercury to the rat results in an increased parallel but not perpendicu- 
lar diffusivity, and this was found to be due to reductions in microtubules 
and neurofilaments in the axoplasm (Kinoshita et al., 1999). Alcohol may 
also have similar neurotoxic effects as a higher parallel diffusivity 
has been reported in the anterior thalamic radiation of males with 
high alcohol use (Hill et al., 2013). There were significant correla- 
tions between direction errors in the antisaccade task and FA (negative 
correlation) or MD (positive correlation) of the splenium of the control 
group, but not the FASD group. These findings point to alterations in 
connectivity between the two hemispheres of the brain that may con- 
tribute to inhibition deficits in children with FASD. 

4.2. Eye movement control 

The current study found that children with FASD had significant 
difficulties with eye movement control. Behavioral deficits on the 
antisaccade task included increased number of anticipatory saccades, 
direction errors and slower SRT. While we have previously reported 
increased direction errors and slower SRT (Green et al., 2007, 2009; 
Paolozza et al., 2013, 2014a), in the current study we also found a signif- 
icant increase in anticipatory saccades in children with FASD. An 
increase in anticipatory saccades suggests a problem with top-down 
control by the prefrontal cortex on cortical and subcortical regions 
(Clementz et al., 2010), as the children in the FASD group had difficulty 
waiting for the proper go signal to make a saccade. 

Similar to the antisaccade task, the children with FASD displayed 
increased behavioral errors, specifically more sequence and timing 
errors, on the memory-guided task. An increase in the frequency of 
timing errors has consistently been observed in children with FASD 
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Fig. 3. FA and MD changes with age in the splenium. The correlation between the FA and age is shown for the control (A; n = 35) and FASD (B; n = 43) groups separately. Both groups 
show increases in FA as age increases. The correlation between the MD and age is shown for the control (C; n = 35) and FASD (D; n = 43) groups separately. Both groups show decreases in 
MD as age increases. 



compared with controls (Paolozza et al., 2013, 2014a). In contrast, 
we did not observe a difference in sequence errors in a smaller 
sample (n = 27) of children with FASD (Paolozza et al., 2013), how- 
ever with a larger sample size that enabled standardization for age 
the more subtle difference in sequence errors has become evident 
(data of the current study and see also Paolozza et al., 2014b). It is 
important to fully characterize eye movement performance in children 
with neurodevelopmental disorders, as this may help to establish 
whether there are (i) unique profiles of deficits that occur in specific 
disorders and (ii) correlations with certain types of stmctural or func- 
tional brain injury. 



Table 4 

Correlations between FA and MD in the corpus callosum with direction errors from the 
antisaccade task. 



Correlation versus antisaccade 
direction enors 


Control 




FASD 




Pearson r 


p-Value 


Pearson r 


p-Value 


Genu FA 


-0.19 


0.280 


-0.12 


0.438 


Genu MD 


0.30 


0.078 


0.28 


0.067 


Rostral body FA 


-0.11 


0.542 


-0.02 


0.926 


Rostral body MD 


0.01 


0.937 


0.048 


0.765 


Anterior midbody FA 


-0.21 


0.237 


-0.12 


0.457 


Anterior midbody MD 


0.07 


0.720 


0.07 


0.674 


Posterior midbody FA 


-0.09 


0.605 


-0.02 


0.927 


Posterior midbody MD 


0.19 


0.270 


0.02 


0.890 


Isthmus FA 


-0.10 


0.585 


-0.05 


0.774 


Isthmus MD 


0.11 


0.554 


0.18 


0.256 


Splenium FA 


-0.52 


0.001* 


-0.16 


0311 


Splenium MD 


0.44 


0.009* 


0.03 


0.868 



FASD = Fetal Alcohol Spectrum Disorder; FA = fractional anisotropy: MD = mean 
diffusivity. 

* Indicates significance at p < 0.009 (Holm-Sidak multiple comparison correction). 



4.3. Dijfusion parameters 

The corpus callosum is the largest white matter tract in the brain, 
connecting the homologous regions of the two hemispheres. In this 
study we segmented the corpus callosum into six distinct regions. The 
only region that was significantly different between the FASD and con- 
trol groups was the splenium, the most posterior portion, which con- 
nects bilateral aspects of the occipital lobes. Structural MRl studies 
have suggested that the splenium is the most severely affected callosal 
area in those with FASD compared to controls (Bookstein et al., 2007; 
Sowell et al., 2001 ; Yang et al., 2012). Several DTI studies have found 
group differences of lower FA in the splenium (Lebel et al., 2008; Li 
et al., 2009; Sowell et al., 2008; Wozniak et al., 2009) and higher MD 
in the splenium of young adults with FASD (Ma et al., 2005); this latter 
finding is similar to the current study in a group of children and adoles- 
cents. These DTI findings suggest that prenatal alcohol exposure may be 
associated with microstractural differences, e.g. axonal degradation, in 
the splenium of the corpus callosum. 

4.4. DTI-eye tracking correlation analysis 

DTI has been used to demonstrate links between corpus callosum 
microstructural white matter integrity and cognitive functioning 
in healthy development (i.e. co-ordination and bimanual tasks) 
(Johansen-Berg et al., 2007; Muetzel et al., 2008), as well as neuro- 
developmental disorders (Alexander et al., 2007; Cheng et al., 2013; 
Fryer et al., 2009; Sundaram et al., 2008). Using tractography, we 
demonstrate a negative correlation in the control group between FA 
of the splenium and direction errors in the antisaccade task, as well as 
a positive correlation between MD of the splenium and direction errors 
in the antisaccade task. Poorer response inhibition has been correlated 
with decreased splenium size in adults with bipolar disorder who also 
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Fig. 4. DTI-eye movement correlations. The age-corrected splenium FA residuals were negatively correlated to direction error t-score (age corrected score) in the conti'ol group (A; n = 35) 
but not the FASD group (B; n = 43). Additionally, the age corrected MD residuals were positively correlated to direction error t-score in the control (C; n = 35) but not the FASD (D; n = 
43) group. Males are shown as circles and females are shown as triangles for both groups. 



display inhibitory control problems (Bearden et a!., 2011). Response 
inhibition during a dichotic listening task has also been correlated 
to the area of the posterior corpus callosum in patients with Multiple 
Sclerosis (Gadea et al., 2009). Finally, in children exposed to 
polychlorinated biphenyls, the splenium volume has been correlated 
with psychometric response inhibition, where smaller size was related 
to greater number of inhibitory errors (Stewart et al., 2003). The rela- 
tionship seen in this study supports the notion that alterations in 
white matter integrity of the splenium could lead to response inhibition 
deficits commonly seen in children with FASD. The splenium has been 
linked to the integration of visual information with the proper motor 
response in the dorsal/parietal visual pathway (Cabeza and Nyberg, 
2000; DeYoe et al., 1994), and therefore, direction errors may also be 
due to an early breakdown of visual information coming into the 
brain that is not being transmitted to the correct areas of the frontal 
lobes via indirect connections with the splenium which is required for 
proper inhibitory control. 

We did not find any relationship between DTI measures and timing 
errors on the memory-guided task possibly due to the complex nature 
of the task itself The antisaccade task measures response inhibition 
directly and only requires the participant to follow one instruction 
(look to the opposite side of the screen). In contrast, the memory- 
guided task requires the participant to simultaneously remember sever- 
al instructions and participants must use previously presented sensory 
information to plan and initiate a motor response at the appropriate 
time. This task, therefore, requires the integration of multiple domains 
of cognitive function, including spatial working memory and response 
suppression, and would presumably therefore depend on multiple 
pathways in the brain. 



4.5. Limitations 

There are certain limitations of this study that must be acknowl- 
edged. First, the tensor model and deterministic tractography can be 
prone to error in areas of crossing fibers and may therefore lead to arti- 
ficially low FA in such locations, and subsequently does not identify the 
lateral projections of the corpus callosum. Second, this paper only pre- 
sents data from the corpus callosum and does not include any other 
tracts in the brain. Therefore, we can point to the splenium as playing 
a role in inhibition but are unable to determine the potential contribu- 
tion of other white matter tracts. Third, this tractography analysis 
used manually placed ROls which can have increased variability due 
to human error. However, all were placed by the same investigator 
who was blind to the individual participant's demographics and perfor- 
mance. Finally, there was an imbalance in the ethnicity of the control 
and FASD groups, and while this does not appear to affect the data it 
will be important in the future to better match these groups. 



5. Conclusions 

In the present study we demonstrate group differences between 
children with FASD and control participants across many measures of 
eye movement control. Eye movement tasks hold promise as a future 
screening tool given that they are efficient, portable and easy to admin- 
ister. Group differences in MD of the splenium of the corpus callosum 
indicate that prenatal alcohol exposure may be associated with white 
matter abnormalities in this area. Response inhibition measures on 
the antisaccade task in healthy control children correlated negatively 
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with FA and positively witli MD of tlie splenium, wiiicli is consistent 
witii tlie view tliat interliemisplieric connectivity is required to properly 
integrate information in order to successfully and efficiently inhibit an 
automatic response and to generate a voluntary response (Madsen 
et al., 2010). This relationship was not present in children with FASD, 
who also exhibited evidence of decreased microstructural integrity of 
the splenium. Future studies should include functional MRl experiments 
to determine the pattern of brain activation in children with FASD com- 
pared with controls during the performance of saccadic eye movement 
tasks. 
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